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Abstract
Background: Suppression Subtractive Hybridization PCR (SSH PCR) is a sophisticated cDNA
subtraction method to enrich and isolate differentially expressed genes. Despite its popularity, the
method has not been thoroughly studied for its practical efficacy and potential limitations.
Results: To determine the factors that influence the efficacy of SSH PCR, a theoretical model,
under the assumption that cDNA hybridization follows the ideal second kinetic order, is proposed.
The theoretical model suggests that the critical factor influencing the efficacy of SSH PCR is the
concentration ratio (R) of a target gene between two cDNA preparations. It preferentially enriches
"all or nothing" differentially expressed genes, of which R is infinite, and strongly favors the genes
with large R. The theoretical predictions were validated by our experiments. In addition, the
experiments revealed some practical limitations that are not obvious from the theoretical model.
For effective enrichment of differentially expressed genes, it requires fractional concentration of a
target gene to be more than 0.01% and concentration ratio to be more than 5 folds between two
cDNA preparations.
Conclusion: Our research demonstrated theoretical and practical limitations of SSH PCR, which
could be useful for its experimental design and interpretation.
Background
Alterations in gene expression are associated with a large
spectrum of biological and pathological process [1]. The
identification of differentially expressed genes often leads
to greater insight into the molecular mechanisms underly-
ing disease progression or biological development. To fa-
cilitate the discovery of differentially expressed genes, a
variety of methods have been developed in recent years in-
cluding Differential Display PCR [2], RNA fingerprinting
[3], SAGE [4], Real-time Quantitative PCR (TaqMan) [5–
7], Subtractive Suppression Hybridization PCR (SSH) [8],
and hybridization to gene arrays of various formats
[9,10]. Although each method has advantages and draw-
backs, the general methodology for identification of dif-
ferentially expressed genes has progressed from labor-
intensive procedures, such as polyacrylamide gel-based
differential display, to automatic high throughput meth-
ods such as hybridization-based gene arrays. Commercial
gene arrays, which contain probes bound to small glass
plates or chips representing many genes and ESTs, provide
simultaneous measurement of gene abundance and have
greatly accelerated the search for differentially expressed
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genes. However, such arrays and associated equipment are
expensive and beyond the access of most academic labo-
ratories. Commercial arrays also suffer by being restricted
to available gene sequences to serve as templates for probe
design. They generally only cover human and the most
common model organisms. Thus, to identify novel genes
or to study other organisms such as agricultural crops and
live stocks, it is still necessary to utilize additional meth-
ods beyond such gene chips and arrays.
Subtractive hybridization is an attractive method for en-
riching differentially expressed genes. This method was
first used by Bautz and Reilly to purify phage T4 mRNA in
the mid-1960's [11]. Pure subtractive methodologies are
of limited use due to the need for a large quantity of
mRNA to drive hybridization to completion as well as the
difficulty in cloning the tiny amount of cDNA remaining
after hybridization. The method was greatly improved
when Duguid and Dinauer adapted generic linkers to
cDNA [12] allowing the selective PCR amplification of
tester cDNA between hybridization cycles. Diatchenko et
al . further introduced the technique of Suppression Sub-
tractive Hybridization PCR (SSH PCR) in which differen-
tially expressed genes could be normalized and enriched
over 1000-fold in single round of hybridization [8]. The
recent commercialization of an SSH PCR kit by Clontech
(CLONTECH Laboratories, Palo Alto, CA, USA) has lead
to its increasing popularity in biological research labora-
tories [13–17].
Despite the popularity of SSH PCR, this complicated
method has not been thoroughly studied for its practical
efficacy and potential limitations. In this work, we have
proposed a theoretical model of SSH PCR based on the as-
sumption that cDNA hybridization follows the ideal sec-
ond kinetic order. We further tested the theoretical
predictions by several SSH experiments.
Results
Theoretical model of SSH PCR
The strategy of SSH PCR to enrich differentially expressed
gene is depicted in Figure 1. The procedure consists prima-
rily of two substrative hybridizations and a single PCR
amplification. In the first hybridization step, tester cDNA
fitted with adapter 1 or 2R is mixed with a large excess of
driver cDNA and denatured separately. They are then sub-
jected to limited renaturation, also separately. Because the
renaturation process, which is random collision of com-
plementary strands, obeys the ideal second-order kinetics,
the rate of the reaction can be described by Equation 1
[18,19]:
where C is molar concentration of a single-strand target
gene, t is time and k is the rate constant.
Equation 1 can be integrated and solved yielding Equa-
tion 2:
where C0 is the starting concentration of the single-strand
DNA, and Ct is the concentration of the remaining single-
strand DNA at time t. When C0kt>>1, Equation 2 simpli-
fies to Equation 3:
Equation 3 implies that when hybridization time is long
enough, or when C0kt>>1, the concentration of remaining
single-strand DNA is determined mainly by its hybridiza-
tion rate constant k and hybridization time t, and is inde-
Figure 1
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pendent of its starting concentration C0. This is the basis
of normalization in the first hybridization reaction.
Because single-strand cDNAs consist of both tester cD-
NAs, which are fitted with adapter, and driver cDNAs,
which are not fitted with adapters, and if we further as-
sume that DNA with and without adapter have the same
hybridization kinetics or to say simply that adapter will
not interfere with DNA hybridization, then the concentra-
tion of the PCR amplifiable cDNA (those with adapters)
can be calculated from Equation 4:
where  Ct' is the concentration of a target single-strand
cDNA with adapter, N is the ratio of the driver to tester in
the first hybridization, and the R is the concentration ratio
of the target cDNA in tester to that in driver.
In the first hybridization none of the double-strand cDNA
can be amplified by PCR because it either lacks adapter se-
quences for binding of PCR primer(s) or PCR is sup-
pressed by a so-called "panhandle" structure that is
formed by long complementary sequences of 5' and 3'
ends of adapters [21]. Therefore, only the single-strand
cDNAs containing adapters are of consequence in the sec-
ond hybridization.
In the second hybridization, the single-strand cDNAs
from the first hybridization are mixed with new denatured
driver cDNAs to form double-strand cDNAs. The second
hybridization is carried out over a longer time period to
ensure that all cDNAs become double-stranded. This reac-
tion can be described by Equation 5:
where A and B are a single-strand cDNA with its comple-
mentary strand respectively. A' and A" are strands fitted
with adapter 1 and 2R respectively. B' and B" are fitted
with adapter 1 and 2R respectively. In the second hybrid-
ization, only the double-strand cDNAs with two different
adapters at each end (A'B" and A"B') can be amplified by
PCR. The amount of product (A'B"+A"B') available for
amplification can determined by Equation 6:
Given that A = B = MC0/R, where M is the ratio of driver
to tester in the second hybridization and R is the concen-
tration ratio of a target cDNA of tester to driver and given
Equation 4 the following hold true: A' = B' = A" = B" = Ct'
= Ct/(1 + N/R). Thus the concentration of target double-
strand cDNA with hetero-adapters can be calculated by
Equation 7:
where Ct is the concentration of remaining single-strand
cDNA after the first hybridization, N is the ratio of driver
to tester in the first hybridization (30 in our experiments),
M is the ratio of driver to tester in the second hybridiza-
tion (5 in our experiments), and the R is the concentration
ratio of the target cDNA in tester to that in driver.
If we make some simple approximations by a. ignoring
the cDNAs that cannot be amplified by PCR, which is log-
ical considering the exponential amplification by PCR
which results in unamplified cDNA comprising only a
tiny portion of the total final cDNA, b. ignoring differenc-
es in PCR efficiency between amplifiable cDNAs, which is
reasonable considering that all cDNAs have identical
adapters, then Equation 7 gives the relative amount of all
cDNAs after SSH PCR.
Thus, several predictions can be directly made by Equa-
tion 7. 1. when R = ∞ , meaning that the target cDNA is an
'all or nothing' differentially expressed cDNA due to its
presence only in tester and not in driver cDNA, then A'B"
+ A"B' = Ct = 1/kt (Equation 4), then every 'all or nothing'
differentially expressed cDNA will be enriched to a fixed
level irrespective of its starting concentration; 2. when R is
a small number (<10 for example), meaning the target is
a ratio differentially expressed cDNA present both in tester
and driver cDNA but at different concentrations, then
C0>>Ct and N>>R. Equation 7 can therefore be simplified
to:
Equation 8 demonstrates that the enrichment of a ratio
differentially expressed gene is proportional to the cube of
R, implying that the greater the expression ratio is between
a cDNA in driver vs. tester the more likely it is to be detect-
ed by SSH PCR.
Experimental Test of SSH PCR
To experimentally test the two predictions of the theoreti-
cal model we designed a series of experiments. First, we
tested SSH PCR for enrichment 'all or nothing' differen-
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tially expressed genes. We prepared a series of tester cD-
NAs by artificially adding φ x174 DNA to fibroblast cDNA
to simulate differentially expressed genes and extracted
the tester cDNAs by using fibroblast cDNA as driver. The
results (Fig 2) demonstrated that 'differentially expressed'
φ x174 DNA can be enriched to clearly visible bands when
its fractional concentration is more than 0.01% of tester
cDNA (Fig 2. lanes 2,3). When the starting fractional con-
centrations of φ x174 were 1.0% and 0.1% respectively in
the tester cDNA preparations, the SSH PCR φ x174 bands
were of similar intensity after SSH PCR as shown in lanes
2 and lane 3 (Fig 2), indicating their enrichment to the
same level. This is in consistent with the theoretical pre-
diction. Fig 2 also revealed a practical limitation of SSH
PCR not obvious from the theoretical model. When φ x174
DNA is less than 0.01% of tester cDNA, no clearly visible
bands of φ x174 are apparent after agarose gel electro-
phoresis (lane 4,5,6), indicating that most of SSH PCR
cDNAs are not the 'differentially expressed' target φ x174,
but are predominantly randomly amplified fibroblast cD-
NAs.
We also tested SSH PCR for efficacy in enriching ratio dif-
ferentially expressed genes. We prepared a series of tester
and driver cDNAs by adding different amounts of φ x174
DNA to fibroblast cDNA. In the first series, the tester
cDNA contained a fixed amount (1.0%) φ x174 DNA add-
ed to fibroblast cDNA while a series of driver cDNAs were
made by adding φ x174 DNA ranging from 1% to 0% to fi-
broblast cDNA. Then we enriched the 'differentially ex-
pressed'  φ x174 DNA by SSH PCR. The results (Fig 3)
demonstrated that 'differentially expressed' φ x174 DNA
can be enriched to clearly visible bands only when it is 5-
fold or more concentrated in tester compared to driver cD-
NAs (lane 4, 5, 6 and 7). When the differentially expressed
cDNA is less than 5-fold concentrated in the tester, no dis-
tinguishable φ x174 DNA bands were seen (lane 2 and 3),
suggesting that the "differentially expressed' φ x174 DNA
was not enriched enough by SSH PCR and that the result-
ing SSH library consists mainly of randomly amplified fi-
broblast cDNAs.
To further examine the role of the concentration ratio R
and the effect of target abundance on efficiency of SSH
PCR, we made a second series of tester and driver cDNA
for SSH PCR. Tester cDNA contained 0.1% φ x174 DNA,
one-tenth the amount in the previous experiment added
to fibroblast cDNA and the series of driver cDNAs was also
reduced by 10-fold driver ranging from 0.1% to 0% φ x174
DNA in fibroblast cDNA. Thus, the absolute amount of
'differentially expressed' φ x174 DNA is one tenth of the
amount in the previous experiment, however, the corre-
sponding concentration ratios are identical. We again en-
riched the 'differentially expressed' φ x174 DNA using SSH
PCR and the results are shown in Fig 4. The results of this
experiment were almost identical to the previous experi-
ment in that the dependence on concentration ratio for ef-
fective enrichment was similar requiring more than five-
fold more φ x174 DNA in tester than in driver (lane 3, 4, 5
and 6). The results in Fig 3 and Fig 4 together demonstrate
that effective enrichment by SSH PCR is highly dependent
on concentration ratio of the differentially expressed gene.
Enrichment is far more effective for genes that are highly
differentially expressed. These results are consistent with
the theoretical prediction described in Equation 8.
Discussion
We presented a theoretical model to describe SSH PCR
based on the well-established second order kinetic of
DNA hybridization [18,19]. Recent kinetic modeling and
computer simulation of subtractive hybridization based
Figure 2
Enrichment of 'all or nothing' differentially expressed φ x174
DNA HaeIII by SSH PCR. Various amount of φ x174 HaeIII
DNA was added in tester. None was added in driver. SSH
PCR was carried out as described in Materials and Methods.
Lane 1, φ x174 HaeIII DNA marker; lane 2, 1.0% of φ x174
DNA HaeIII in tester; lane 3, 0.1% of φ x174 DNA HaeIII in
tester; lane 4, 0.01% of φ x174 HaeIII DNA in tester; lane 5,
0.001% of φ x174 HaeIII DNA in tester; lane 5, 0.0001% of
φ x174 DNA HaeIII in tester.
Driver 00 0 00
Tester 1.0%
0.1%
0.01%
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on the similar principles have shown that they agree well
with existing experimental data [20,22]. Our mathemati-
cal calculations described in Equation 7 and 8 reveal the
relative importance of factors such as concentration ratio
(R) and target abundance for any specific cDNA to be
present in an SSH PCR library. When R→∞ , that is when
differentially expressed genes are 'all or nothing', they are
effectively enriched to a fixed concentration of 1/kt. When
R is a small number, enrichment is proportional to R3, fa-
voring highly differentially expressed genes. Our experi-
ments confirmed the theoretical prediction that the
primary factor influencing enrichment is the concentra-
tion ratio R and not the absolute difference. This was sup-
ported by the similar enrichment of 1.0% and 0.1% φ x174
DNA shown in Fig 3 and 4. On the contrary side, SSH PCR
cannot exclude all non-differentially expressed gene from
a library. This was demonstrated the evenly distributed
DNA surrounding the φ x174 DNA bands which are evi-
dently derived from 'non-differentially' expressed fibrob-
last cDNA. Contrary to the theoretical prediction,
however, our SSH PCR experiment failed to enrich φ x174
DNA when less than 0.01% (Fig 2 lane 4, 5 and 6). A pos-
sible explanation is that target cDNA less than 0.01% is
too low to drive hybridization to completion in the sec-
ond hybridization. Because formation of double-stranded
cDNA is required for PCR amplification in SSH PCR, the
result will be low representation of the rare target cDNA in
the SSH PCR library even if it is of the 'all or nothing' dif-
ferentially expressed cDNAs.
Practical factors, such as PCR amplification efficiency,
have not been taken into our theoretical consideration. As
note before, the PCR amplification efficiency is sequence-
dependent, which may result in fortuitous over-represen-
tation or under-representation of certain sequences in
SSH PCR library. The factors may change the outcomes of
SSH PCR experiments serendipitously. They, however,
don't constitute the basis for SSH PCR to enrich differen-
tially expressed genes. For simplicity, they are not includ-
ed in our theoretical consideration.
Our results have a significant bearing on the use SSH PCR
application and the interpretation of experimental results.
Because SSH PCR favors highly differentially expressed
genes, the primary application of SSH PCR should be to
detect dramatic alteration of gene expression, such as
comparison of gene expression after viral infection or
gene expression profiling of two different tissues. In pro-
filing gene expression differences in diseased vs. normal
tissues or over an experimental time course where small
changes in gene expression are more likely to be physio-
logically relevant, SSH PCR would be highly ineffective in
profiling gene expression changes. In such situations, dif-
ferential screening of very large SSH PCR libraries can po-
tentially compensate but at high costs in time and labor.
In addition, for effective enrichment by SSH PCR the tar-
get mRNA must be at least 0.1% of the total mRNA, thus
low abundance genes such as transcription factors, cy-
tokines, and receptors which are key regulators of many
pathological processes would not be detected by this
method.
Care must be also be taken in the interpretation of SSH
PCR results. The presence of many non-differentially ex-
pressed genes in an SSH PCR library may not result from
experimental error but maybe due to the absence of signif-
icantly differentially expressed genes between the chosen
driver and tester samples. The failure of a SSH PCR library
to include a known differentially expressed mRNA may
Figure 3
Enrichment of ratio differentially expressed φ x174 DNA
HaeIII by SSH PCR. Fixed amount of 1.0% φ x174 HaeIII DNA
was added in tester and various amount of φ x174  HaeIII
DNA in driver, which resulted in a serial five folds of dilu-
tions. SSH PCR was carried out as described in Materials and
Methods. Lane 1, φ x174 HaeIII DNA marker; lane 2, 1.0% of
φ x174 HaeIII DNA in driver; lane 3, 0.2% of φ x174 HaeIII
DNA in driver; lane 4, 0.04% of φ x174 HaeIII DNA in driver;
lane 5, 0.008% of φ x174  HaeIII DNA in driver; lane 6,
0.0016% of φ x174 HaeIII DNA in driver in driver; lane 7, no
φ x174 HaeIII DNA in driver driver.
Driver 1.0%
0.2%
0.008%
0.04%
0.0016%
Tester 1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
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also not be a result of experimental error. From Equation
8, a differentially expressed cDNA is only R3-fold enriched
in a SSH PCR library as compared with an unsubtracted
cDNA library. Thus it should not be surprising that a small
SSH PCR library does not contain a known differentially
expressed gene.
Conclusions
Our theoretical model suggests that effective enrichment
of a target gene by SSH PCR is determined by its concen-
tration ratio (R) between tester and driver. The enrich-
ment is far more efficient for differentially expressed genes
with a large value for R. Our experiments validate the the-
oretical predictions that enrichment by SSH is greatly in-
fluenced by concentration ratio R. They also revealed
practical limitations: for effective enrichment of 'all or
nothing' differentially expressed genes, the fractional con-
centration of a target gene needs be more than 0.01%. For
effective enrichment of ratio differentially expressed
genes, the concentration ratio needs to be more than 5-
fold.
Materials and Methods
Total RNAs were isolated from primary cell cultures of hu-
man fibroblast using the RNeasy Mini kit (Qiagen, Chats-
worth, CA, USA). cDNAs were synthesized and amplified
from the total RNA with the SMART PCR cDNA Synthesis
kit (Clontech, Palo Alto, CA, USA). The cDNAs were puri-
fied by the QIAquick PCR Purification kit (Qiagen, Chats-
worth, CA, USA). The purified cDNAs were digested by
RsaI and repurified by the QIAquick PCR procedure. The
digested cDNAs were suspended at a concentration 360
ng/µl and used directly for SSH PCR.
Defined amounts of HaeIII-digested φ x174 DNA to hu-
man fibroblast cDNA to simulate differentially expressed
genes in tester cDNAs. Human fibroblast cDNAs were
used as the driver. SSH PCR methods were those described
in PCR-Select cDNA Subtraction kit (Clontech, Palo Alto,
CA, USA). The appearance of φ x174 HaeIII bands follow-
ing agarose gel electrophoresis of SSH PCR products in
ethidium bromide-stained gels was taken as an indicator
of enrichment. In short, various amounts of HaeIII digest-
ed phage φ x174 DNA were added to the RsaI digested cD-
NAs to simulate differentially expressed genes. Tester
cDNAs were fitted with either adapter 1 or adapter 2R by
T4 DNA ligase. In the first SSH PCR hybridization, 18 ng
of tester cDNAs fitted with either adapter 1 or 2R were
mixed with 540 ng of driver cDNA and hybridization
buffer in a volume of 5 µl. They were denatured and al-
lowed to undergo 8 hr of limited renaturation at 68°C sep-
arately. In the second SSH PCR hybridization, 360 ng of
freshly denatured driver DNA and the two reactions of the
first hybridization were mixed in a volume of 14 µl and al-
lowed to undergo 20 hr of hybridization at 68°C. The sub-
tracted tester cDNA was then diluted with 235 µl of
dilution buffer. 1 µl of the diluted subtracted cDNA was
amplified by PCR in 25 µl of reaction mixture containing:
1×  PCR reaction buffer, 200 µM dNTP, 400 nM PCR prim-
er 1 and 1×  Advantage cDNA Polymerase Mix. The PCR
was performed on a MJ Research PTC 200 thermocycler
with program: 75°C 5 min, 94°C 25 sec, 27 cycles of 94°C
10 sec, 66°C 30 sec, 72°C 1.5 min. The PCR products were
diluted 10 times with H2O. 1 µl of the diluted PCR prod-
ucts was amplified again by nested PCR in 25 µl of reac-
tion mixture containing: 1×  PCR reaction buffer, 200 µM
dNTP, 400 nM Nested PCR primer 1, 400 nM Nested PCR
primer 2R and 1×  Advantage cDNA Polymerase Mix. The
PCR was performed on a MJ Research PTC 200 thermocy-
cler with 12 cycles of 94°C 10 sec, 68°C 30 sec, 72°C 1.5
min. The nested PCR products were separated electropho-
retically on 2% agarose gels. The agarose gels were stained
with ethidium bromide and pictures were taken under UV
illumination at 254 nm.
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